Platinum-alumina (Pt/γ-Al2O3) catalytic membranes were obtained using the reservoir technique for the combustion of volatile organic compounds (VOCs). The membranes were characterized by scanning electron microscopy and energy dispersive X-ray analysis (SEM-EDXA) observation, Brunauer-Emmett-Teller (BET) measurement and gas permeation. Propane (C3H8) and n-butane (C4H10) combustion was obtained. Maximum VOC conversion for propane and n-butane of 93 and 48 (%) was achieved on 3.52wt% Pt catalyst at a temperature of 427 and 259 ( 0 C) and flow rates of between 185-222 and 295-379 (ml/min) without any changes in conversion. The combustion results of C3H8 and C4H10 corroborate with literature on Pt/γ-Al2O3 catalysts. The conversion was achieved using flow-through catalytic membrane reactor operating in the Knudsen flow regime.
INTRODUCTION
VOCs are released into the atmosphere from chemical plants, aircraft manufacturers, food processing facilities, textile manufacturers, painting facilities, wood stoves, etc. All organic compounds that boil at 50-260 ( 0 C), exclusive of pesticides but including dichloromethane, are VOCs [1] . VOCs are grouped as aliphatic hydrocarbons such as propane and n-butane, aromatic hydrocarbons include toluene and benzene, ketones for example acetone, among others [2] . Ground-level ozone build-up is largely due to the increased availability of ozone forming precursor VOCs and oxides of nitrogen (NOx). Furthermore, in the presence of VOCs and nitric oxide (NO), the degradation reactions of VOCs could lead to the formation of intermediate radicals such as peroxy radicals (RO2). Peroxy radicals react with atmospheric NO, converting NO to nitrogen dioxide (NO2) which then photolyzes to form tropospheric ozone [3] . Additionally, some symptoms related to adverse health impact are quite common and are associated with short term exposure to VOCs. These symptoms include; headaches, allergic skin reaction, visual disorders, dizziness, coughing, eye and respiratory tract irritation and fatigue. Likewise, brain damage, damage to the nervous, kidney, reproductive and immune systems are associated with long term exposure to VOCs [4] . Emissions of VOCs could be a result of natural sources, although, most VOC emissions result from anthropogenic sources. The degree of VOCs released yearly into the atmosphere from man-made sources alone constitute to about 235 million tonnes [4] . From an environmental point of view, curtailing these vapour emissions could lead to a vital landmark in the oil and process industries. Consequently, imposing stricter regulations can actually abate the release of VOCs into the environment [5] . In recent years, the emissions of VOCs have been rigorously regulated across the globe. For example, "in the air quality standards developed by the United States Environmental Protection Agency (USEPA) the maximum 3-hour concentration of 0.24 parts per million (ppm) hydrocarbon content should not be exceeded for a period of more than a year" [6, 7] . The Gothenburg protocol also states that by 2020 the European Union (EU) countries agree to curb VOC emission levels by nearly 50% compared to the year 2000 [5] . There are different techniques/methods applied to control VOC emissions. These techniques are categorised as either destruction or recovery ( Figure  1 ). Pollutants can be destroyed by either incineration/oxidation or by biodegradation. The most extensively applied VOC destruction techniques/methods are thermal and catalytic oxidation. These are applied whereby VOCs are mixed with oxygen (O2) at specified temperatures and the products are carbon dioxide (CO2) and water (H2O). In general, the chemical reaction is written as: ( Membrane reactors have being receiving considerable attention for over half a century and a number of papers have been published on the subject of membrane science, catalysis and chemical engineering [8] [9] [10] [11] [12] . Membranes are used as an active material in chemical conversion in accelerating the reaction rate, selectivity and yield. Membrane reactors have been largely demonstrated on the laboratory scale for hydrogenation, oxidation reactions, dehydrogenation, and decomposition [8] . The concept of membrane reactors for chemical conversion has yet to be extensively commissioned for industrial application. However, some small industrial installations are active. The disadvantage of membrane reactors in order to be commercially industrialized are the membrane themselves, their support and issues including stability, cost and performance which require enhancement [8] . The combination of membranes and reactors is being proposed in recent years, and is classified into three i.e.; extractor, distributor and contactor. 'Extractor' this concept is used to selectively remove the product(s) from the reaction mixture. 'Distributor' is used to control the addition of reactants to the reaction mixture and lastly ' ontactor' is used to intensify the contact between reactants and the catalyst [8] .
The forced flow-through contactor for VOC oxidation (which was also employed in this paper) is a distributor type concept mode which is largely employed by many researchers [13] [14] [15] [16] [17] [18] [19] [20] [21] . VOC destruction to carbon dioxide and water using Pt/γ-Al2O3 catalysts has been claimed by several authors [22] [23] [24] [25] [26] . Additionally, Pt catalysts are superior in comparison to (gold) Au-containing systems and Co3O4-CeO2 mixed oxides [26, 27] . Pina et al., [28] have suggested the concept of employing the Knudsendiffusion catalytic membrane reactor for the combustion of VOCs. They have highlighted that a flowthrough configuration of a membrane reactor operating in the Knudsen diffusion regime provides an intimate contact between VOC and O2 molecules as well as the active sites. In another development, Saracco and Specchia, [29] have succeeded in using catalytic filters through tailored techniques. These catalytic filters were tested for their performance towards catalytic combustion of selected VOCs. Their experimental data corroborate with those predicted by an isothermal model based on a pseudo-homogeneous approach and solved numerically by the finite-difference method. In addition, Benard et al., [30] also studied the chemical reaction of the catalytic oxidation of VOCs for conventional and a flow-through catalytic membrane reactor comparison. Their findings exhibited that the catalytic membrane reactor was superior to the conventional one in terms of efficiency. Figure 1 : VOC controls methods [6] .
They have suggested that, flow-through membrane reactor could lead to decreased light-off and total VOC combustion in addition to a lower Pt loading. In this study, the performance of catalytic membrane reactor was studied with the aim to investigate the possibility of improving VOC conversion using a commercially available alumina (Al2O3) support impregnated with Pt catalyst. The Pt/γ-Al2O3 membrane was subsequently incorporated into a flowthrough membrane shell and tube configuration. The effects of the main operating variables such as the feed molar flow rates, reaction temperatures, and partial pressures were examined.
EXPERIMENTATION
A schematic diagram of the experimental rig is illustrated in Fig. 2 . It consists of feed delivery (where pure gas was fed), a membrane reactor and analytical systems. The reactor used was tubular shell and tube configuration. The shell was made from stainless steel material and has 28mm internal diameter (I.D), 36mm outer diameter (O.D), 395mm long and 5mm thick. The two ends of the reactor system were removable for membrane replacement purposes. Graphite rings (one at each end) were used as sealing for the alumina tube ends. The reactants were introduced into the reactor feed side using mass flow controllers. The reaction experiments occurred at atmospheric pressure within the stainless steel reactor. The product (permeate) was analysed by CO2 analyser (CT2100-Emissions Sensor). The water formed in the reaction was removed from the effluent in a moisture trap at room temperature. Several factors were considered in selecting the membrane for this experiment. Al2O3 support was chosen because of its lower maintenance cost, although its permselectivity is slightly low. Pt/γ-Al2O3 was used due to its high catalytic activity for VOC destruction [22, 27, 31] leading to low operating temperature. 
Catalytic Membrane Preparation
The Pt/γ-Al2O3 membrane was prepared via dip-coating method. Chloroplatinic acid solution (H2PtCl6) was used as a platinum precursor. The Al2O3 support was first dried at 65 0 C. It was dipped for 2 hours in deionised water prior to Pt introduction. The deposition method employed was based on the evaporation-crystallization steps. This system named as "reservoir" technique which was proposed by ( [32] [33] [34] [35] [36] . The Al2O3 tube was dipped in a 10g/l H2PtCl6 precursor solution for 10 hours after it was dipped for 2 hours in deionised water. The Pt/γ-Al2O3 membrane was then dried at room temperature for 24 hours to favour evaporation from the inner side and deposition on the top layer. Metallic platinum was obtained after thermal treatment of the Pt/γ-Al2O3 membrane under flowing hydrogen at 400 0 C for at least 2hrs followed by nitrogen flow for 1hr at 400 0 C [35] .
Membrane Characterization
SEM and EDXA of the membrane were examined before and after Pt impregnation. The samples used for SEM and EDXA were obtained by crushing the membrane into small pieces. SEM and EDXA results indicated the presence of Pt. The membrane was found to be defectfree.
3. RESULTS AND DISCUSSION 3.1 Catalyst Characterization Platinum metal catalyst was employed due to its relatively high activity in VOC destruction over other noble metals [22] . BET surface area and the average pore size measurement of the Al2O3 support and Pt/γ-Al2O3 membrane samples were obtained. Table 1 presents the data of specific surface area, average pore diameter and pore volume of the Al2O3 support and Pt/γ-Al2O3 membrane. The results clearly indicate an increase in BET surface area between the Al2O3 support and Pt/γ-Al2O3 membrane. This increase may be attributed to the formation of nano-dispersed platinum particles. In addition, a decrease in the average pore diameter was obtained which is possibly due to pore blockage caused by the metal platinum particles. However, no alteration was observed with respect to the pore volume on both the Al2O3 support and Pt/γ-Al2O3 membrane samples [36] . (Figure 3a) . The isotherm is a Type IV isotherm. Figure 3b depicts the pore diameter measured by the Barrett-JoynerHalenda (BJH) method of the calcined Pt membrane. The result reveals a fairly narrow pore size distribution. The average pore diameter was 3.7nm, and the majority of pore diameters are smaller than 50nm. In addition, the majority of pores are larger than can be successfully measured using gas sorption.
SEM & EDXA of Pt/γ-Al2O3
Membrane SEM and EDXA of the Pt/γ-Al2O3 membrane were examined after Pt impregnation. Figure 4 (a, b, c and d) depict the SEM images of the Pt membranes inner, outer, cross-section and edge respectively. Pt depositions can be clearly observed on the SEM images shown on Figures 4 (a and b) . The SEM image of the edge of the Pt/γ-Al2O3 membrane is also shown on Figure 4 (d) with a thickness of between 10 -12 microns. Moreover, the compositional results are shown (Table  2) . After Pt impregnation, it can be seen ( Table 2 ) that a 3.52wt% Pt is obtained. Pt is the active catalyst for the proposed reaction in order to facilitate the reaction of VOC and O2 to generate CO2 and H2O. 
Gas Permeation
Permeation experiments were carried out at room temperature using propylene single gas in order to quantify Knudsen flow contribution. Figure 5 depicts the permeate flux of the virgin and Pt/Al2O3 membranes. Eqn. (2) was used to relate the permeation flux and average pressure [28] . ( where β and K are given by;
. , . 6 √ ( where, F is the permeation flux per unit of time and area, ε is the porosity of the membrane (%), r is the mean pore radius (m), Pav = (P1+P2)/2 is the average pressure (Pa), μ is the viscosity (Pa-s) and L is the thickness of the membrane (m), τ is the tortuosity, M is the molecular weight of the diffusing gas (g/mol), R gas constant (8.314 J.K -1 .mol -1 ) and T the permeation temperature (K). β and K can be regarded as viscous
and Knudsen contributions to the permeation flux [28] . It can be seen ( Figure 5 ) that the Al2O3 (virgin membrane) was influenced mainly by viscous flow contribution. On the other hand, after 3.52wt% Pt impregnation, a lower slope was obtained for the Pt/γ-Al2O3 membrane with a decrease of permeates flux ( Figure 5 ) from (8.8 to 8.2 x10 -6 ) which indicates Knudsen diffusion contribution. The obtained result is in agreement with the literature [28] . Pina, et al., [28] obtained similar results using untreated gammaalumina (α-Al2O3) membrane. After depositing 4.9wt% of γ-Al2O3 at 1 bar, they achieved an almost horizontal line indicating predominantly Knudsen diffusion contribution. 3.4 VOC Conversion A CO2 analyser ( ascade's T sensors was connected from the catalytic membrane reactor permeate side. As the reactants (VOC and O2) were fed into the feed side of the catalytic membrane reactor, combustion/conversion occurred at different flow rates, pressures and reaction temperatures, where the products (CO2 and H2O) permeated through the permeate side of the membrane reactor, passing through the moisture trap (where the H2O is been absorbed) through a digital flowmeter to the CO2 analyser in order to record the percentage concentration of the product CO2. The CO2 analyser was calibrated before the experiment. The conversion of VOCs was calculated using eqn. (4) [38, 39] .
( ( where VOCi is the flow rate of VOC at the feed recorded from the flow meter, and VOCo is the permeate flow rate of VOC at the permeate recorded from the flow meter respectively. The catalytic membrane was exposed to several activity runs. The same membrane was then cooled down prior to each experiment. Figure 6 depicts propane conversion against reaction temperature across 3.52wt% Pt-Al2O3 membrane at flow rates between 185 to 222ml/min without any changes in conversion. The general behaviour of the Pt/γ-Al2O3 based catalysts result is in good agreement with that reported in the literature. Propane conversion of 93% was achieved at a temperature of 427 0 C, this result corroborates the literature [29] . This could be as a result of strong interaction of the Pt catalyst which facilitated the chemical reaction at lower temperature compared to thermal oxidation. It should be noted that this conversion was attained at only a fraction of the catalyst loading compared to the literature [29] .
Figure 6: Propane conversion against reaction temperature. Figure 7 depicts the conversion of n-butane against reaction temperature across 3.52wt% Pt-Al2O3 membrane at flow rates between 295 to 379ml/min without any changes in conversion. It can be seen ( Figure 7 ) that the highest n-butane conversion of 48% was achieved at a temperature of 259 0 C on Pt/γ-Al2O3 membrane. This demonstrates that the performance of a catalytic membrane reactor is influenced by the operating parameter such as temperature. In order to compare the conversions between the aliphatic hydrocarbons (propane and n-butane), a 48% propane conversion was achieved at only 242 0 C whereas in the case of n-butane a 48% was achieved at a temperature of 259 0 C. In other words, propane recorded lower reaction temperature than n-butane at 48%. The high activity behaviour could be possibly due to the ability of Pt catalyst over propane compared to n-butane. The above result is an indicative where the temperature at which the combustion takes place depends on the nature of the VOC present in the waste gas stream as well as the Pt/γ-Al2O3 membrane.
CONCLUSIONS
The experimental VOC conversion using a flow-through catalytic membrane reactor operating in the Knudsen diffusion regime has been demonstrated using the simple but effective "reservoir technique". The stainless steel membrane reactor designed was operated at hightemperature without any deterioration. VOC conversion was significantly higher. The conversion of VOC using Pt/γ-Al2O3 membrane was obtained at moderate temperatures. Consequently, the maximum conversion obtained by the Pt-Al2O3 membrane was comparable with literature. The membrane employed maintained a prolong activity and stability without any catalytic degradation.
